Introduction {#sec1-1}
============

Compression injuries in the peripheral nerves can cause many different histopathological changes, depending on the severity and duration of the compression pressure (Epstein et al., 1997). Although the causes of these changes are not fully understood, these pathophysiological changes are associated with ischemia, which develops as a result of the direct mechanical damage to peripheral nerves, the cessation of axoplasmic flow or the compression of vascular structures feeding the peripheral nerve due to the compression (Mattson and Camandola, 2001). Many agents have been investigated to eliminate the damaging effects of this pathophysiological process (Roglio et al., 2008; Ma et al., 2015; Guven et al., 2016; Li et al., 2016).

Boric acid, which is a boron compound, is widely used in industry, agriculture and cosmetic applications. Boric acid is quickly absorbed after application and is distributed throughout the body by passive diffusion (Ince et al., 2012). In a study conducted in humans and rats by Murray (1998), boric acid was reportedly to be distributed equally in the blood and tissue after application of boric acid. In addition, boron also exhibited effects on reactive oxygen species, the metabolism of calcium, potassium, xanthine oxidase, cytochrome b5 reductase, and vitamin D (Meacham et al., 1994; Devirian and Volpe, 2003; Türkez et al., 2007; Ince et al., 2010). Boric acid has been shown to be often used in many types of cancer with neutron capture therapy (Barth, 2009). In addition, its effectiveness has been demonstrated in injured liver, lung, cardiac muscle, kidney, brain and bone fracture (Barth, 2009; Ince et al., 2010; Gölge et al., 2015). However, as far as we know, there are no studies on the effectiveness of boric acid in experimental acute peripheral nerve injury.

Therefore, this study aimed to investigate the effectiveness of boric acid in repairing the sciatic nerve following experimental acute sciatic nerve injury electrophysiologically and histologically.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

All experimental protocols conducted on the animals were consistent with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publications No. 80-23) and approved by the Animal Ethics Committee of Adnan Menderes University (approval number: 64583101/2016/52). Twenty-eight adult male Wistar-Albino rats, weighing 250 ± 50 g were used in this study. All of the rats were kept in environmentally controlled conditions at 22--25°C, with appropriate humidity and a 12--hour light/dark cycle. The rats were given free access to food and water. The rats were randomly divided into four groups (*n* = 7): Control (C), the right sciatic nerves were only exposed; sciatic nerve injury (I): sciatic nerve injury was induced by compressing the right sciatic nerve; no injury + boric acid application (BA): the right sciatic nerves were exposed but not injured, and boric acid was given at 0, 24, 48 and 72 hours after operation; sciatic nerve injury + boric acid treatment (BAI): the right sciatic nerves were injured and boric acid treatment was given at 0, 24, 48 and 72 hours after injury.

Generation of sciatic nerve injury {#sec2-2}
----------------------------------

Rats were anesthetized by an intraperitoneal injection of 10 mg/kg xylazine (Rompun, Bayer, Turkey) and 50 mg/kg ketamine (Ketalar, Parke Davis, Eczacibasi Co., Istanbul, Turkey) and allowed to breathe spontaneously. They were positioned on a heating pad to maintain their body temperature at 37°C and placed in the prone position. All surgical interventions were carried out on the sciatic nerve by the same surgeon using standard microsurgery methods. The rats were kept in an appropriate position on special fixing boards during the surgical intervention, and the operations were carried out. The skin over the surgical site (right gluteal and femur region) was shaved and cleaned with povidone-iodine. An oblique incision was made in the right lower extremity to remove the skin and reveal the biceps femoris in such a way as to allow hip joint movement. Muscle tissue was opened by blunt dissection and then the sciatic nerve was exposed.

In this study, the closing force was defined by a computerized electronic gauged scale according to previous reports (Sarikcioglu and Ozkan, 2003; Sarikcioglu et al., 2007) and an FE-752K aneurysm clip (Aesculap AG & Co., Tutlingen, Germany) was used. The right sciatic nerve was compressed using the Yasargil aneurism clip for 90 seconds, and then the aneurism clip was opened and removed. This process was applied to all rats in groups I and BAI. Also the injured nerve areas were marked with 6-0 Prolene suture. Then, the incision was closed in accordance with the anatomical layers. The right sciatic nerves of rats were reexposed at the end of the day 4 for electrophysiological and histological studies.

Drug treatment {#sec2-3}
--------------

Concentration of the boric acid (H~3~BO~3~) was 99.5% and was dissolved in physiological saline because it is highly soluble in water. Then, it was administered intragastrically at 100 mg/kg (Sigma-Aldrich, Chemical Co., St. Louis, MO, USA) using a 16G gavage needle at 0, 24, 48 and 72 hours after injury. This dose was selected as the antioxidant effectiveness of boric acid has been demonstrated (Ince et al., 2010).

*In vivo* electrophysiological recording {#sec2-4}
----------------------------------------

Rats were again anesthetized with a mixture of ketamine/xylazine and the right sciatic nerve was exposed at the end of the day 4 for experimental period to record nerve conduction velocity. Damaged area of the sciatic nerve was proximal to bifurcation (tibial and fibular) section of sciatic nerve (10 mm). The stimulating and recording electrodes were placed on the proximal and distal sides of the damaged area of the sciatic nerve, respectively. The compound action potentials (CAPs) which were generated by applying 10 consecutive electrical impulses (10 V, 0.15 ms) in the proximal side of the sciatic nerve were recorded from the distal side of the sciatic nerve using the PowerLab 26T data acquisition system (ADInstruments Co., Sydney, Australia). All experiments were carried out at room temperature (with a control band of 22 ± 1°C). The amplitudes of CAPs were measured from the baseline to the peak and the latencies were measured from the stimulus artifact to the beginning of the first deflection from the baseline. Nerve conduction velocity (NCV) values were calculated according to the following formula: NCV (m/s) = Distance between stimulating and recording points -- 15 mm (m) / latency (second). The average value of NCV and the amplitude of CAP were calculated separately for each rat.

Histopathological evaluation {#sec2-5}
----------------------------

Sciatic nerve samples were harvested from proximal to bifurcation and they were placed in 10% buffered formalin solution for pathological examination. The samples were taken for routine tissue processing after the tissues were fixed in solution. Then, they were left for 14 hours in the automated tissue processing device. The tissues were fixed in paraffin and 3--4 μm sections were prepared from the paraffin blocks with a microtome. Slides prepared from the sections were stained with hematoxylin-eosin and toluidine blue for routine histopathological examination and the evaluation of axonal degeneration under 40× magnifications. The routine sections were histologically graded for axonal changes and myelin disorganization (Coban et al., 2006). Swelling (pale staining) or shrinkage (dark staining) and vacuolization were observed in the axons due to degeneration. Myelin changes were typically seen, including attenuation, collapse or breakdown. Grading was performed on a scale of 0 to 3 for each section: 0 = normal, 1 = mild, 2 = moderate, 3 = severe (Coban et al., 2006).

One slide from each animal was stained immunohistochemically for nuclear factor kappa B (NF-κB/p50 RB-1648 1/500 dilution; NeoMarkers, Fremont, CA, USA). NF-κB staining was observed in axons and Schwann cells. A semi-quantitative grading system was used to evaluate the staining for NF-κB in both axons and Schwann cells. Grade 0: 2% and below, grade 1: 2--15%, grade 2: 16--25%, grade 3: 26--35%, grade 4: 36% and above (Wang et al., 2006).

The numbers of axons as well as the morphological characteristics of the axons were evaluated in cross-sections of the sciatic nerve. Five images were taken from each slide. All preparations were counted by taking samples from random areas of each sample using the DP-BSW (Microscope digital camera software) program at high magnification (× 100) under light microscope (Olympus BX51, Olympus Co., Tokyo, Japan). This counting was made by the axon counting method which was previously defined (Yang and Bashaw, 2006). All pathological examinations were evaluated by a pathologist blinded to the experimental group information.

Statistical analysis {#sec2-6}
--------------------

The data obtained from the animal experiments are expressed as the mean ± SD. The statistical differences between groups were evaluated by one-way analysis of variance and the Tukey\'s *post hoc* test using the SPSS 15.0 program (SPSS, Chicago, IL, USA). *P* values less than 0.05 were considered statistically significant.

Results {#sec1-3}
=======

Electrophysiological results {#sec2-7}
----------------------------

The NCV and CAP amplitude values were significantly lower in group I than in groups C and BA (all *P* values \< 0.001). The NCV and CAP amplitude values in group BAI were significantly greater than in group I (all *P* values \< 0.001). However, the NCV and CAP amplitude values in group BAI were significantly lower than in groups C and BA (all *P* values \< 0.001). Moreover, there were no significant differences between NCV or CAP amplitude values between groups C and BA (**Figure [1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}**).

![The nerve conduction velocity, amplitude of compound action potential and number of axons in each group.\
(A) The values of nerve conduction velocity. (B) The values of amplitude of compound action potential. (C) The number of axons. Data are expressed as a percentage of control. The statistical differences between groups were evaluated by one-way analysis of variance and the Tukey\'s *post hoc* test. \**P* \< 0.001, *vs*. group C; †*P* \< 0.001, *vs*. group BA; \#*P* \< 0.001, *vs*. group I. C: Control; BA: boric acid; I: sciatic nerve injury; BAI, sciatic nerve injury + boric acid treatment. *n* = 7 for each group.](NRR-11-1660-g001){#F1}

Histopathological results {#sec2-8}
-------------------------

Hematoxylin-eosin and toluidine blue staining showed that the epineurium (a thick fibrous connective tissue) and the perineurium (a thinner connective tissue of nerve fascicles) were seen respectively from outside to inside in the light microscopic examination of the sections obtained by staining the right sciatic nerves with hematoxylin-eosin and toluidine blue in rats of groups C and BA. Schwann cells, which envelop axons, were distinguished by their oval or round nuclei under the endoneurium. Axons were observed to be faded in color in the cytoplasm of Schwann cells. The presence of a myelin sheath, which is made by Schwann cells and wraps around the axon, was seen in myelinated nerve fibers. Unmyelinated nerve fibers, connective tissue cells and blood vessels were distinguished among the myelinated nerve fibers (**Figure [2A](#F2){ref-type="fig"}--[D](#F2){ref-type="fig"}**).

![Representative images of the unaffected sciatic nerves of rats in groups C and BA after hematoxylin-eosin and toluidine blue staining.\
(A, B) Hematoxylin-eosin staining of the groups C (× 200) and BA (× 400). (C, D) Toluidine blue staining of the groups C (× 200) and BA (× 400). C: Control; BA: boric acid.](NRR-11-1660-g002){#F2}

The nerve was seen to be surrounded by epineurium (a thick fibrous connective tissue) in the light microscopic examination of the sections obtained by staining the right sciatic nerves with hematoxylin-eosin and toluidine blue in rats of groups I and BAI. The presence of nerve fascicles, which contain myelinated and unmyelinated nerve fibers, were distinguished under the epineurium. While the axons and myelin sheath were degenerated, the myelin sheath lamellae were separated from each other and the axons were smaller in some nerve fibers, or found to be completely degenerated in other nerve fibers. The presence of degenerated nerve fibers, vacuolization and macrophages, which ingest the myelin sheath, were also distinguished in areas with marked degeneration. In addition, although some myelinated nerve fibers maintained their normal structure, significant decreases in axon diameter and myelin sheath thickness were noted compared to group C. Axonal degeneration, vacuolization and myelin destruction were found to be markedly greater in group I than in group BAI. A larger number of axons and myelin sheaths were maintained in group BAI (**Figure [3A](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}**).

![Representative images of sections obtained from the affected sciatic nerves of the rats in groups I and BAI after hematoxylin-eosin and toluidine blue staining.\
(A, B) Hematoxylin-eosin staining of groups I and BAI (×400). (C, D) Toluidine blue staining of groups I and BAI (×400). Axonal degeneration, vacuolization (asterisks) and myelin destruction (arrows) were found to be more severe in group I than in group BAI. I: Sciatic nerve injury; BAI: sciatic nerve injury + boric acid treatment.](NRR-11-1660-g003){#F3}

NF-κB immunoreactivity {#sec2-9}
----------------------

NF-κB immunostaining was observed in axons and Schwann cells. Mild staining was usually observed in the preparations of groups C and BA. NF-κB immunostaining was found to be increased in the preparations of group I, and NF-κB immunoreactivity was observed in the preparations of group BAI, but this staining was less intense in group BAI than in group I (**Figure [4A](#F4){ref-type="fig"}--[D](#F4){ref-type="fig"}**, **[Table 1](#T1){ref-type="table"}**).

![Representative images of NF-κB immunohistochemical staining (× 400).\
In groups C (A) and BA (B), few axons and Schwann cells showed light staining of NF-κB. NF-κB immunoreactivity was weaker in group BAI (D) than in group I (C). C: Control; BA: boric acid; I: sciatic nerve injury; BAI: sciatic nerve injury + boric acid treatment; NF-κB: nuclear factor kappa B.](NRR-11-1660-g004){#F4}
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Axon number and NF-κB immunoreactivity of experimental groups

![](NRR-11-1660-g005)

Number of axons {#sec2-10}
---------------

The number of axons was significantly lower in group I than in groups C and BA, and the number of axons was significantly higher in group BAI than in group I. However, the number of axons was significantly lower in group BAI than in groups C and BA (all *P* values \< 0.001). Moreover, there were no significant differences between groups C and BA regarding the number of axons (**[Figure 1C](#F1){ref-type="fig"}**).

Discussion {#sec1-4}
==========

Boron is found as a natural element in nature, and boric acid is a boron compound and contains 17.48% boron. Boron is absorbed by the digestive and respiratory system and is distributed as boric acid to all tissues. In humans, 83--98% of dietary boron is excreted by urine in a few days. Therefore, there is no accumulation of boron in the human body (Tepeden et al., 2016). Boric acid has been reportedly used in many studies (Barth, 2009; Ince et al., 2010). In a study on cyclophosphamide-induced lipid peroxidation and gene toxicity in rats, boric acid was reportedly to reduce cyclophosphamide-induced oxidative stress in a dose-dependent manner. Moreover, the focal gliosis and neuronal degeneration found in the brains of rats administered cyclophosphamide were milder following 20 mg/kg of boric acid treatment (Ince et al., 2014). In another study, 100 mg/kg of boric acid partially reduced the effects of arsenic-induced oxidative stress; focal gliosis was observed in both male and female rats in response to arsenic, but only mild histopathological changes were reported in both groups administered boric acid (Kucukkur et al., 2015). Similarly, while focal gliosis and neuronophagia were found in the brains of rats after malathion-induced oxidative stress, only moderate focal gliosis was found in the groups administered boric acid (5, 10 and 20 mg/kg/d) (Coban et al., 2015). In light of these findings, different doses of boric acid may be able to reduce the destructive effects of oxidative stress in tissues by supporting antioxidant enzymes. A reduction in oxidative stress in nerve tissue may be an important mechanism of injured peripheral nerve healing.

The support Schwann cells in the context of increased expression of neurotrophic factors by the injured nerve may be another healing mechanism of boric acid. Since products such as reactive oxygen species and nitric oxide are increased after peripheral nerve trauma and Schwann cells play an influential role in the release of neurotrophic factors in peripheral nerve healing, apoptosis could be induced *via* the mitochondrial pathway, depending on the dose and duration of oxidative stress (Bowe et al., 1989; Clarke and Richardson, 1994; Ide, 1996; Zochodne and Levy, 2005; Luo et al., 2010; Ma et al., 2013; Huang et al., 2016). In a study in which hydrogen peroxide-induced oxidative stress in Schwann cells was investigated, the authors reported that ginsenoside Rg1 may have positive effects on peripheral nerve healing by reducing the effect of hydrogen peroxide-induced oxidative stress and by increasing the release of neurotrophic factors such as nerve growth factor and brain derived neurotrophic factor (Luo et al., 2010). In addition, in a study performed in the brains of African ostrich chicks, the use of low concentrations of boric acid (up to 160 mg/dL) was reportedly to increase BDNF expression required for brain development and may also inhibit apoptosis in neuronal cells (Tang et al., 2016).

Another possible effect of boric acid that may mediate peripheral nerve healing is the inhibition of intracellular calcium release. It has been shown in previous studies that intracellular calcium stores can be effective in axonal degeneration. The potential sources of intra-axonal calcium stores in axons are the endoplasmic reticulum and mitochondria (Stirling and Stys, 2010). Cell culture studies reported that boron was a temporary inhibitor of cyclic ADP ribose. Temporary inhibition of cyclic ADP ribose may inhibit the release of calcium ions from the endoplasmic reticulum *via* ryanodine receptors (Nielsen, 2014).

Boric acid has been shown to have neuroprotective or neurotoxic effects at different doses (Colak et al., 2011). However, there have been no studies investigating the effects of boric acid on the electrophysiological parameters and nerve tissue healing in peripheral nerves. It is well known that the CAP amplitude and NCV decrease in peripheral nerve injury; these electrophysiological parameters indicate axonal and myelin damage, respectively. In our study, electrophysiological findings in group I indicate that myelin damage occurred and the total number of axons was reduced after compression injury. However, both the loss of axons and myelin damage were dramatically reduced when boric acid was applied after injury in group BAI. In addition, the electrophysiological findings in groups BA and C indicated that there were no adverse effects of boric acid on normal and injuried sciatic nerve tissues. In this study, boric acid treatment after injury led to a statistically significant reduction in NF-κB immunoreactivity in group BAI than in group I.

The findings of this study suggest that the dose of boric acid applied in this study did not cause significant axonal or myelin damage. Probably, boric acid treatment appeared to protect nerve morphology by affecting the antioxidant mechanisms at the cellular level and by protecting axons from the destructive effect of oxidative stress. NF-κB is a redox-sensitive transcriptional factor and has been reported in the literature to be activated *via* hyperglycemia, oxidative stress and proinflammatory cytokines (Epstein et al., 1997; Mattson and Camandola, 2001).

In this study, although the use of boric acid was shown for the first time to have positive effects on peripheral nerve healing in compression type acute peripheral nerve injury, this study has some limitations. First, damage was not generated with variable intensities and durations. Second, different doses of boric acid were not administered at different time points, and the effective dose of boric acid was selected based on studies in the literature. Third, in this initial study, the biochemical and cellular mechanisms were not investigated to reveal the mechanisms of action of boric acid in peripheral nerve healing; this must be investigated in further studies.

In summary, 100 mg/kg of boric acid was shown electrophysiologically and histologically to have positive effects on maintaining the number of axons, axonal structure and myelin structure in peripheral nerves following compression type peripheral nerve injury. Although there are many questions that remain to be answered, the findings of this initial study suggest that boric acid may be a potential therapeutic agent that can be used in peripheral nerve injury.
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